INTRODUCTION
Prion diseases are a group of related, fatal neurodegenerative disorders that include CJD (Creutzfeldt-Jacob disease), GSS (Gerstmann-Straussler-Scheinker disease), FFI (fatal familial insomnia) and Kuru in humans, scrapie in sheep and BSE (bovine spongiform encephalopathy) in cattle. Previously called transmissible spongiform encephalopathies, the human prion diseases are unique in that they may have inherited, transmissible or idiopathic origins [1] .
The nature of the transmissible agent has been hotly debated since the first suggestions that the infectious agent may not contain nucleic acids [2, 3] . International interest in prion disease has grown rapidly since the protein-only hypothesis of prion replication, first proposed by Griffith [4] , was brought to the attention of a new generation by Prusiner [5] . Renewed interest was accelerated further by concerns over public health following the revelation that exposure to BSE leads to human disease in the form of vCJD (variant CJD) [6] [7] [8] .
The protein-only hypothesis argues that the infectious agent, the prion, is composed of a conformational isomer of a normal host-encoded protein that is able to convert other isoforms into itself in an auto-catalytic manner. Thus infection, replication and the inevitable onset of disease occur without the transmission of a nucleic acid genome.
A wealth of experimental evidence now shows that the central feature of prion diseases is indeed the post-translational conversion of a normal host-encoded GPI (glycosylphosphatidylinositol)-anchored sialoglycoprotein, PrP C (where PrP is prion protein) [9] , into an abnormal form, designated PrP
Sc . This transition appears to involve only conformational changes as amino acid sequencing and systematic study of known post-translational modifications have failed to identify any differences between PrP C and PrP
Sc [10] . The structure of PrP C has been elucidated and consists of a principally α-helical globular C-terminal domain and an unstructured N-terminal region [11, 12] . The N-terminal domain contains several copies of an octapeptide motif that has been demonstrated to play a role in the chelation of divalent metal ions [13, 14] , which may, in turn, be of relevance to the physiological role of PrP.
During disease progression PrP is accumulated as PrP Sc , which is distinct from PrP C , as it is composed largely of β-sheet elements aggregated into detergent-insoluble assemblies that are partially resistant to proteolysis [15, 16] .
The precise molecular nature of the infectious agent and the events that lead to neuronal cell death remain unclear. Various hypotheses have been proposed to explain the mechanism of spongiform change and neuronal cell loss, based upon either loss of functional PrP C or a toxic gain of function by PrP Sc . These have included direct neurotoxic effects from a region of PrP encompassing residues 106-126 [17] , normally unstructured in PrP C , to increased oxidative stress in neurons as a result of PrP C depletion, which has been proposed to function as an antioxidant molecule [18] . It has also been suggested that PrP C may play a role in regulating apoptosis with disturbance of normal levels of PrP C during infection leading to neuronal cell death [19, 20] .
A number of diverse lines of evidence strongly suggest that PrP C exists as a metalloprotein in vivo [13, 21] , and this is supported by the observation that recombinant PrP has a high affinity for divalent metal ions [14] . It has been demonstrated that different PrP Sc types, characteristic of clinically distinct subtypes of sporadic CJD, can be interconverted in vitro by altering the metal ion occupancy [22] . PrP has been proposed to function as a copper transport protein for internalization of copper (II) ions [23] , and it has been claimed that the levels of copper in the brains of PrP 0/0 mice lacking the Prn-p gene are lower than in wildtype mice [24] , although this has not been replicated by other workers [25] . Copper binding has also been reported to stabilize interactions between PrP and glycosoaminoglycans [26] and that PrP can activate plasminogen in a copper-dependent manner [27] . Most significantly, it has been reported that recombinant PrP possesses copper-dependent SOD (superoxide dismutase) activity [18] , which has led to the suggestion that prion disease pathology is a direct result of metal imbalance and compromised antioxidant Abbreviations used: BSE, bovine spongiform encephalopathy; CJD, Creutzfeldt-Jacob disease; PrP, prion protein; PrP C , normal cellular PrP; PrP Sc , abnormal disease-specific conformation of PrP; SOD, superoxide dismutase; V C , background control rate of dismutase activity; V S , sample assay activity; XO, xanthine oxidase. 1 To whom correspondence should be addressed (email g.s.jackson@prion.ucl.ac.uk).
function in neurons as a result of the depletion of PrP C by conversion into PrP Sc [28] . Controversy has been heightened further by the report that PrP C does not influence or possess intrinsic SOD activity in vivo [29] .
In the present study, we examine the dismutase activity of recombinant human PrP when treated in a variety of conditions, including those reported previously, using two separate assay systems.
MATERIALS AND METHODS

Recombinant PrP production
Recombinant human PrP encompassing residues 23-231 (PrP 23−231 ) and a truncated form lacking the octapeptide repeat region which contains residues 91-231 (PrP 91−231 ) were prepared by a modification of the method described previously [30] . To ensure the proteins were free of any contaminating metal ions before use, they were refolded in the presence of 50 mM EDTA and dialysed extensively against 10 mM Tris/10 mM sodium acetate (pH 8.0). Reduced forms of the protein lacking the native disulphide bond were produced in a similar manner with refolding carried out in the presence of DTT (dithiothreitol) as described previously [30] . To replicate the observation that PrP can exhibit SOD-1 mimetic activity, PrP was refolded in the presence of 5 mM CuSO 4 , followed by extensive dialysis to remove free copper as described previously [31] . Protein concentration was determined by UV absorption using a calculated molar absorption coefficient of 19 893 M −1 · cm −1 at 280 nm. For proteins and peptides that received additions of CuSO 4 , this was added to a stoichiometry of either 1:1 or 10:1.
Assay for SOD activity using the tetracyclic catechol assay
The assay used to analyse SOD and SOD mimetic activity is based upon a SOD-mediated increase in the rate of auto-oxidation of the tetracyclic catechol, 5,6,6a,11b tetrahydro-3,9,10-trihydroxybenzo[c]fluorene. Hydrolysis results in the generation of a chromophore with a wavelength of maximal absorbance at 525 nm [32] . A proprietary assay kit was used according to the instructions of the manufacturer (BIOXYTECH ® SOD-525; OXIS Health Products).
Reactions were performed in the buffer supplied by the manufacturer at pH 8.8 in a total volume of 1 ml and were initiated by the addition of enzyme or PrP. A 525 was recorded for a period of 100 s at 37
• C, and reaction rate was determined over a linear range typically between 20 and 40 s from initiation.
Determination of activity
A calculation interval between 20 and 40 s was chosen as the best pseudo-linear range about the inflection point over which the increase in activity could be best determined. A background rate for spontaneous dismutase activity was established by averaging four 'blank' control reactions and was designated V C .
For each unique sample, the rate of dismutase activity was expressed as a ratio of V S /V C (where V S is the sample assay activity) and was determined by averaging four separate reactions. SOD activity was calculated from V S /V C using the following equation:
Defined as the lowest concentration that can be distinguished from zero at the 95 % confidence level, the lower limit of detection is 0.1 SOD unit/ml of assay volume or a V S /V C ratio of 1.106689. 
Assay for SOD activity by measuring the inhibition of XO (xanthine oxidase)
The second assay exploits a reaction in which a water-soluble tetrazolium salt [1,2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium monosodium salt] is reduced by the superoxide anion. This reaction produces a water-soluble formazan dye with a characteristic absorption spectrum, the concentration of which can be measured spectrophotometrically. The superoxide anion that feeds this reaction is generated by XO. In the presence of SOD-1, the superoxide anion is removed and, hence, the rate of formation of the formazan chromophore is reduced. In this system this rate is inversely proportional to the dismutase activity.
The SOD Assay Kit (Dojindo Molecular Technologies) was used for the experiments described in the present study, and the assay was performed according to the manufacturer's protocol.
RESULTS
Tetracyclic catechol assay
In order to validate the sensitivity limit of the assay, we quantified two levels of SOD-1 activity using a proprietary source of Cu/Zn SOD-1 (BIOXYTECH ® ). The background level of dismutasae activity was recorded in four replicate assays (Figure 1 , curve C), followed by a further four replicate assays in the presence of 7 units/ml SOD-1. The addition of SOD-1 gave the expected acceleration of dismutase activity shown in Figure 1 (curve A) . A 10-fold dilution of the enzyme was assayed at a final concentration of 0.7 unit/ml SOD-1 activity and the dismutase reaction was recorded as in Figure 1 (curve B) .
Quantification of the SOD-1 activity assayed according to the calculation described above gave 8 units/ml and 0.9 unit/ml for the respective reactions.
Figure 2 Levels of SOD activity as determined for various proteins and peptides
Activity is expressed as a ratio of V s /V c . The threshold for activity is defined as described in the Materials and methods section and is shown as a broken line. The samples assayed were: 7 units/ml SOD-1 (30 nM), 0.7 unit/ml SOD-1 (3 nM), 0. The purity of recombinant PrP was verified as > 95 % by SDS/ PAGE (results not shown), and the concentration was determined as detailed in the Materials and methods section following the removal of aggregated material by centrifugation. In the case of refolding in the presence of 5 mM CuSO 4 , there was considerable loss of PrP due to aggregation. All assays were performed four times and the results are shown in Figure 2 . Activity is expressed as V S /V C . The detection limit of the assay is shown as a broken line, and all the conditions assayed fall below this limit of detection with no activity detected for any protein or peptide condition other than for authentic SOD-1.
XO assay
In order to compare our data directly with those reported previously [18] , we used the same assay method to assess the SOD activity of a variety of samples, including recombinant PrP refolded in presence of 5 mM copper (II) ions, as described by Wong et al. [31] (Figure 3) . As a positive control, the activity of SOD-1 was determined at a range of enzyme concentrations and our data were found to be commensurate with the standard curve determined by the manufacturers, i.e. the non-linearity at low-and highenzyme activities is an intrinsic property of the inhibition assay. However, a cupro-protein, known to be devoid of dismutase activity (caeruloplasmin) and included as a negative control, had significant activity in the assay. All of the copper-treated PrP samples, either in the folded or refolded forms, gave activities that were the equivalent of 0.5-1.0 units/ml SOD-1 activity. refolded in the presence of 5 mM CuSO 4 , as described previously [18] , were included. U, units.
DISCUSSION
One of the major questions that remains unanswered in prion biology concerns the function of PrP C . The report that PrP possesses dismutase activity [18] appears to answer this question and provides plausible hypotheses to explain the neuropathology associated with these diseases and, in turn, offers avenues for the development of effective therapeutic strategies.
A recent report [29] has challenged several observations related to this postulated function. In this study [29] , the authors crossed transgenic mice expressing various levels of PrP C , including PrPnull mice, with mice expressing various levels of SOD-1, again including SOD-1 knockout animals. They found no variation in the levels of detectable SOD-1 or SOD-2 activity in any of the tissues analysed when PrP gene dosage varied. In contrast, Sod1 gene dosage correlated precisely with detectable SOD-1 levels.
We were able to demonstrate that our tetracyclic catechol assay was sensitive to at least 0.7 unit/ml SOD-1, which corresponded to a protein concentration of only 3 nM. Assays with recombinant PrP, peptides and caeruloplasmin were performed at 300 nM and 3 µM, all of which failed to display any detectable activity. Given the detection limit of the assay used, we can determine that PrP has < 0.1 % of the activity of an authentic SOD-1 enzyme, which leads to the conclusion that PrP does not display activity in vitro.
The discrepancy between our findings and those reported previously are difficult to reconcile. A potential explanation is the behaviour of the XO assay used by Brown et al. [18] , which has been reported previously to be susceptible to error [29] . In this regard, it is interesting to note that our measurements of SOD activity using this assay also have inconsistencies which we did not encounter using the tetracyclic catechol assay.
In particular, 3 µM caeruloplasmin produced almost a 50 % inhibition of formazan production. This inhibition was detected in a chromatographically pure preparation of caeruloplasmin that is known not to possess dismutase activity and equates to approx. 1 unit/ml of authentic SOD-1. By comparison, the highest apparent dismutase activity of PrP was less than 1 unit/ml at a protein concentration of 3 µM. By consideration of the specific activity of SOD-1 at 3 units/µg, PrP displays < 0.02 unit/µg or < 2 % of the level of authentic SOD-1.
Another possible explanation for the discrepancy between our results and the results of previous work is the method used for expression and purification of PrP. Wong et al. [31] describe the use of PrP fused to a polyhistidine tag which is not removed by proteolytic cleavage during purification. The fusing of recombinant proteins to polyhistidine tags is a common strategy to aid purification, but usually the fusion peptide is removed before the expressed protein is used for study. The retention of the polyhistidine tag will undoubtedly result in high levels of copper ions being chelated by the fusion protein and could explain the SOD-1 activity described by this group [31] .
Although the bacterially expressed PrP we studied does not display significant activity, it could be argued that the post-translational modifications to PrP that occur in mammalian cells may lead to the acquisition of SOD-1 activity. However, the study by Hutter et al. [29] demonstrates elegantly that this is not the case and that it is unlikely that PrP participates in any indirect modulation of SOD-1 activity. Thus we must conclude that PrP does not act as a SOD-1 mimetic enzyme in vitro or in vivo.
